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ABSTRACT  
 
This paper presents the preliminary results in establishing 
a strategy for predicting Zenith Tropospheric Delay 
(ZTD) and relative ZTD (rZTD) between Continuous 
Operating Reference Stations (CORS) in near real-time. It 
is anticipated that the predicted ZTD or rZTD can assist 
the network-based Real-Time Kinematic (RTK) 
performance over long inter-station distances, ultimately, 
enabling a cost effective method of delivering precise 
positioning services to sparsely populated regional areas, 
such as Queensland.  
 
This research firstly investigates two ZTD solutions: 1) 
the post-processed IGS ZTD solution and 2) the near 
Real-Time ZTD solution.  The near Real-Time solution is 
obtained through the GNSS processing software package 
(Bernese) that has been deployed for this project.  The 
predictability of the near Real-Time Bernese solution is 
analyzed and compared to the post-processed IGS 
solution where it acts as the benchmark solution.  The 
predictability analyses were conducted with various 
prediction time of 15, 30, 45, and 60 minutes to determine 
the error with respect to timeliness. The predictability of 
ZTD and relative ZTD is determined (or characterized) by 
using the previously estimated ZTD as the predicted ZTD 
of current epoch.  
 
This research has shown that both the ZTD and relative 
ZTD predicted errors are random in nature; the STD 
grows from a few millimeters to sub-centimeters while 
the predicted delay interval ranges from 15 to 60 minutes. 
Additionally, the RZTD predictability shows very little 
dependency on the length of tested baselines of up to 
1000 kilometers.  Finally, the comparison of near Real-
Time Bernese solution with IGS solution has shown a 
slight degradation in the prediction accuracy.  The less 
accurate NRT solution has an STD error of 1cm within 
the delay of 50 minutes.  However, some larger errors of 
up to 10cm are observed.   
 
INTRODUCTION 
 
The key limitation of the existing network-based real time 
kinematic (RTK) positioning systems is that the distance 
between reference stations must be kept within 70-100 
kilometers. This is because rapid and reliable carrier 
phase ambiguity resolution (AR) becomes more and more 
difficult when the inter-receiver distance grows beyond 
100km. This phenomenon is mainly caused by the effects 
of distance-dependent biases, such as orbital error, 
ionospheric and tropospheric delays in the double 
differenced (DD) measurements, or to be precise, 
distance-dependent characteristics of the these bias or 
residual terms.  A project funded by Australian 
Cooperative Research Centre for Spatial Information 
(CRC-SI) seeks solutions for delivering precise 
positioning services in regional areas such as over 
Queensland with more sparsely distributed reference 
stations. The purpose of enabling a long-baseline CORS 
network (up to inter-station distance beyond 100km) is to 
not only to reduce initial station installation costs, but also 
for large on-going operational expenses.  
 
The objective of this research is to provide an accurate 
Tropospheric delay solution for real-time or near real-
time applications.  A strategy is establish for predicting 
near real-time ZTD and relative ZTD between reference 
stations which could be potentially used to reduce the 
effects of distance-dependent biases over a long-baseline 
CORS network.  
 
Predicted rZTDs between reference stations can help 
network-based processing. For RTK users operating 
within the coverage, spatial interpolation of ZTDs 
between stations is needed. The effects of the residual 
tropospheric errors after correction through interpolation 
of the tropospheric biases in the DD phase measurements, 
we refer to Zheng and Feng (2005), which showed results 
from analysis of about 130,000 Zenith Tropospheric 
Delay (ZTD) data points sampled from 129 IGS stations 
across Europe over 90 days. The results have strongly 
confirmed both dependency of the interpolated ZTD 
errors on the rover-to-base distance and random nature. 
For a network with the maximum of 100 to 200 km base-
to-rover distance, the uncertainty (STD) of the 
interpolated residual ZTD between 10 to 20 mm can be 
expected. This implies that to maintain the RMS accuracy 
of 10 to 20 mm at user locations, the inter-stance distance 
would be roughly in the range of 140 to 280 km.  
 
The following sections of the paper firstly present the 
experimental setup which includes the post-processed IGS 
ZTD solution and the near Real-Time Bernese ZTD 
solution.  The predictability of the ZTD estimates for 7 
Australian CORS sites is then analyzed with a time delay 
of 15, 30, 45 and 60 minutes.  Finally, the relative ZTD 
(between two stations) for various baseline lengths were 
computed and the predictability of ZTD solutions are 
analyzed against time delay of 15 to 60 minutes.   
 
GPS ZENITH TROPOSPHERIC DELAY 
ESTIMATION  
 
Post-Processed IGS ZTD Solution 
 
The global IGS network, as shown in Figure 1, is an 
international network of over 400 continuously operating 
dual-frequency GPS stations.  The network records, 
distributes and archives high-quality GPS data for a wide 
range of scientific and engineering applications and 
studies.  Additionally, these data sets are used to generate 
IGS products such as ephemerides, station coordinates, 
clock, Earth rotation parameters, Global ionospheric 
maps, and Zenith tropospheric path delay estimates (IGS 
Central Bureau, 2008).   
 
Figure 1. Map of IGS Global Network (IGS Central 
Bureau, 2008) 
Since November 4, 2006, IGS has published a new Zenith 
tropospheric path delay estimate solution with 5 minutes 
of sampling time for public uses.  The solution is 
available for all sites for which RINEX files are available 
at one of three IGS data centers.  In 2008, the number of 
daily ZTD solution world-wide is in between 260 to 290 
as shown in Figure 2.  Solutions were generated based on 
GIPSY PPP with IGS Final orbits/clocks and back 
processing was performed up to October 2000 (Kouba 
2009).  The Niell mapping function was used for both 
hydrostatic and wet components of troposphere and 
processed with daily RINEX data.  Due to the use of IGS 
final orbit, the new IGS ZTD solution is available with 
approximately one week of latency.  
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 Figure 2. Number of Daily IGS ZTD Solution for World-
wide in 2008 
 
Near Real-Time Bernese ZTD Solution 
 
The Bernese software has been setup for this research to 
generate the near real-time ZTD solution.  This high 
performance, high accuracy, and highly flexible GNSS 
data processing software package has been widely used 
around the world by scientists, surveyors, CORS network 
operators, and commercial users.  Some of the typical 
usages of the software are as follows (Dach et al., 2007): 
 Rapid processing of small-size single and dual 
frequency surveys 
 Automatic processing of permanent networks 
 Processing of data from a large number of 
receivers 
 Combination of different receiver types, taking 
antenna phase center variations into account 
 Combined processing of GPS and GLONASS 
observations 
 Ambiguity resolution on long baselines (2000 
km and longer) 
 Ionosphere and troposphere monitoring 
 Clock estimation and time transfer 
 Generation of minimum constraint network 
solutions 
 Orbit determination and estimation of Earth 
orientation parameters 
 
A summary of the procedures involved in estimating 
Zenith Tropospheric Delay is outlined below. Further 
details are directed to the software manual (Dach, 2007). 
 Orbit Generation: to generate the Bernese 
standard orbit file from broadcast or precise 
ephemeris file 
  Pre-processing the Observation Files: this stage 
includes the receiver clock synchronization, 
baseline generation, data preprocessing for cycle 
slip detection and outliers and a residual 
screening which produce ambiguity-free L3 
solution and residuals after the least-square 
adjustment.  
  First Estimation for Coordinates and 
Troposphere: to generate initial estimates of 
coordinates and troposphere parameters using 
constrained coordinates with a priori sigma of 
0.001 meters in the North, East and Up 
directions.  
 Resolve Double Difference Ambiguities: this is 
achieved by fixing the coordinates and 
introducing initial coordinate and troposphere 
estimates from previous step.  
 Compute a Final Network Solution: this is 
computed with resolved DD ambiguities (from 
previous step) and loose coordinate constraints 
of a prior sigma 0.01 meters.  Final troposphere 
parameters are estimated with troposphere 
horizontal gradient parameters: tilting with 24 
hours spacing  
 
Data Collection and Processing Campaign Setup 
 
Analysis uses the IGS data from the Australian region.  
Figure 3 shows the map of IGS global network for 
Australian region where 16 stations are mostly located in 
coastal region with the exception of Alice Springs. Due to 
station downtime and other issues, data from CORS sites 
is not always available throughout the year as shown in 
Figure 4, where the total number of daily IGS ZTD 
solution for Australian region in year 2008 is shown.  
Thus, Table 1 shows 7 of the most reliable Australian IGS 
stations that are chosen for the following ZTD and 
relative ZTD analysis 
 
 
Figure 3. Map of IGS Global Network in Australian 
Region 
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Figure 4. Number of Daily IGS ZTD solution for 
Australian Region in 2008.   
 
Table 1. The number of daily ZTD solution available for 
selected Australian CORS sites in 2008.   
Station Name Site ID # daily ZTD solution
Ceduna CEDU 341 
Cocos Island COCO 298 
New Norcia NNOR 341 
Pert PERT 355 
Tidbinbilla TID1 321 
Tidbinbilla TIDB 361 
Townsville TOW2 278 
Yaragadee YAR2 337 
 
In addition to the IGS global network in Australia, the 
near real-time Bernese ZTD solution also incorporates a 
set of data from SydNET CORS network in New South 
Wales (NSW).  The SydNET data set consists of 13 
stations retrieved from SydNET online GPS data access 
website (http://sydnet.lands.nsw.gov.au/sydnet/login.jsp).  
Figure 5 shows the location and distribution of SydNET 
network, where the grey circle represents the optimal 
service coverage of 70km for each station.  Again, most 
of the sites are along the coastal region. 
 
 
Figure 5. Map of SydNET CORS Network 
 
Since the zenith hydrostatic delay can be actually 
modeled with an accuracy of a few millimeters or better 
using a surface troposphere model, the wet component of 
the troposphere is much harder to model and predict.  
Therefore, data sets were carefully chosen from wet 
summer season for the following experiments and 
analysis is.   
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Figure 6. The IGS ZTD Solution for TID1 CORS in 2008 
 
Figure 6 shows the IGS ZTD solution for one of the 
Australian CORS sites (Tidbinbilla, TID1) for year 2008.  
The upper blue plot represents the total ZTD estimates 
and the lower green plot represents the STD of ZTD 
estimates in millimeters.  It can be seen that both the ZTD 
estimates and STD have much higher fluctuation during 
the beginning and towards the end of the year, which is 
approximately from September to February.  Thus, two 
sets of data were chosen for the following ZTD 
predictability analysis (29~31 December, 2008) and the 
relative ZTD predictability analysis (6~16 October, 2008).   
 
ZENITH TROPOSPHERIC DELAY 
PREDICTABILITY:  RESULTS AND ANALYSIS 
 
The daily IGS ZTD solution for the period of 29th to 31st 
December for TID1 station is firstly plotted and shown in 
Figure 7.  The blue line represents the total ZTD estimate 
and the green line is the STD value.   
 
Figure 7. Daily IGS ZTD Solution for TID1 during 29th ~ 
31st December, 2008 
Figure 7 shows significantly higher STD uncertainties for 
ZTD estimates at regions highlighted in black dotted 
boxes.  By carefully examined the daily solutions, these 
regions are corresponded to the start and the end of daily 
solution during the three day period.  These high STD are 
caused by the fact that the ZTD solution is derived with 
daily RINEX data and that interpolation is always worse 
at the start and end of the data set.  Additionally, it can be 
seen that apart from the highlighted region, the STD error 
of the IGS ZTD estimates is less than 2mm for most of 
the time during the day.  
 
The predictability of the ZTD estimate is determined by 
using the previously estimated ZTD as the predicted ZTD 
of the current epoch and the differences between the 
current estimated ZTD and the predicted ZTD is 
determined.  The predictability of the ZTD is given for 15, 
30, 45 and 60 minutes of prediction time. The 
predictability results for 7 Australian IGS stations using 
data from 29th to 31st December 2008 are shown in Table 
2 and illustrated in Figure 8. 
  
Table 2. The predictability of ZTD for 7 Australian IGS 
Stations during 29th ~ 31st December 2008 
Single Station Tropospheric Delay Predictability (mm) 
 15 
minutes  
30 
minutes  
45 
minutes 
60 
minutes 
CEDU  Mean -0.2098  -0.4276  -0.6522  -0.8954  
STD  3.0785  5.8433  8.5097  11.0654  
COCO Mean 0.0226  0.0411  0.0576  0.0728  
STD  1.6732  2.8019  3.6943  4.4714  
NNOR Mean 0.0662  -0.1326  -0.2019  -0.2719  
STD  1.6838  2.8747  3.9164  4.8582  
PERT  Mean 0.1713  0.3485  0.5309  0.7197  
STD  1.6760  2.9890  4.1835  5.2925  
TID1  Mean -0.0959  -0.1935  -0.2933  -0.3968  
STD  1.9184  3.6155  5.1502  6.5363  
TIDB  Mean -0.1092  -0.2205  -0.3344  -0.4521  
STD  2.0175  3.7431  5.3289  6.7884  
YAR2  Mean 0.0335  0.0671  0.1001  0.1343  
STD  1.3025  2.3685  3.2533  4.0079  
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Figure 8. The predictability of ZTD for 7 Australian IGS 
Stations during 29th ~ 31st December 2008 
 
Figure 8 shows that the predicted ZTD error can be 
characterized as random in nature within 60 minutes of 
prediction time.  The mean errors of four prediction time 
intervals for all CORS sites are close to zero.  However, 
the STD of ZTD predicted error grows in linear 
proportional to the prediction time of 15, 30, 45 and 60 
minutes.  Additionally, the ZTD predictability result for 
TID1 station is shown in Figure 9 for the four prediction 
time intervals.  It can be observed that several peaks exist 
for all four predicting interval at data sample of around 
120, 270, 400 and 750 and increase in amplitude with an 
increase in the prediction time. These high ZTD 
predicting errors are caused by the high IGS ZTD 
estimate errors at begin and end of each daily solution.  
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Figure 9. The predictability of ZTD for TID1 CORS 
during 29th ~ 31st December 2008 with 15, 30, 45 and 60 
minutes of time delay 
 
RELATIVE ZENITH TROPOSPHERIC DELAY 
PREDICTABILITY RESULTS AND ANALYSIS 
 
Relative ZTD (rZTD) estimate for a baseline is 
determined as the differences in the ZTD estimates for 
two chosen CORS sites. The predictability of rZTD is 
again determined by using the previously estimated rZTD 
as the predicted rZTD for current epoch.  
 
Based on the chosen 7 Australian IGS stations, the rZTD 
for 6 baseline lengths of between 88 and 910km were 
determined.  Due to availability of the data, investigation 
was conducted for the period of 6th ~ 16th October 2008.  
Results for rZTD predictability are shown in Table 3 and 
Figure 10 for prediction time of 15, 30, 45 and 60 minutes.  
Again, results have similar characteristic as for the ZTD 
predictability, where the predicted rZTD error looks 
random in nature with mean error of very close to zero for 
all baseline distances within the prediction time intervals 
of 15, 30, 45 and 60 minutes. The results also shown that 
the STD of predicted rZTD error is proportional to the 
predicting interval, however, no dependency on the 
baseline distances for the chosen data set in the 
experiment can be found.   
 
Table 3. The predictability of Relative ZTD for 6 various 
baseline distances during 6th ~ 16st October 2008 
Baseline Tropospheric Delay Predictability (mm) 
 15min 30min 45min 60min 
BSLN 1 (88km) 
PERT~NNOR 
Mean -0.002 -0.003 -0.005 -0.008 
STD 2.267 3.929 5.349 6.602 
BSLN 2 (236km) 
YAR2~NNOR 
Mean -0.013 -0.025 -0.035 -0.047 
STD 2.317 4.173 5.782 7.222 
BSLN 3 (268km) 
TIDB~SYDN 
Mean -0.003 -0.006 -0.01 -0.015 
STD 3.605 5.700 7.498 9.133 
BSLN 4 (310km) 
YAR2~PERT 
Mean -0.012 -0.022 -0.030 -0.039 
STD 2.687 4.916 6.903 8.714 
BSLN 5 (832km) 
TIDB ~ HOB2 
Mean 0.070 0.139 0.206 0.271 
STD 3.472 5.600 7.419 9.043 
BSLN 6 (910km) 
YAR2 ~ KARR 
Mean -0.016 -0.030 -0.044 -0.059 
STD 2.349 4.284 6.046 7.660 
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Figure 10. Predictability of Relative ZTD for 6 various 
baseline distances during 6th ~ 16th October 2008 
 
Additionally, Bernese software was used to estimate the 
ZTD for 30 Australian CORS stations, which includes the 
regional IGS stations and the localized SydNET stations.  
The rZTD estimates for 29 baselines, distances of 0 to 
2000 km, were determined.  The results of predictability 
of these rZTD estimates are shown in Figure 11 and 
Figure 12 for 30 and 60 minutes of prediction time, 
respectively.  The upper plots of Figure 11 and Figure 12 
show the rZTD predictability results for all base lines, 
whereas the lower plots shown the results for baselines 
distances that is less than 550km.  Again, it can be seen 
that the rZTD predictability error is fairly random in 
nature with several outliers reaching up to 10cm, which 
are usually caused by the data gaps of 1 hour or so over 
the prediction intervals.  
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Figure 11. Predictability of Relative ZTD from Bernese 
ZTD solution with 30 minutes time delay; the upper Plot: 
for all saselines, the lower plot: for baseline distances <= 
550 km 
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Figure 12. Predictability of Relative ZTD for Bernese 
ZTD Solution with 60 Minutes Time Delay; Upper Plot: 
for all Baseline Distances, Lower Plot: for Baseline 
Distances <= 550 km 
 
A statistical comparison of the rZTD predictability for the 
post-processed IGS ZTD solution and the near real-time 
Bernese solution is shown in Table 4.  Results are shown 
for 30 and 60 minutes of prediction time and for all 
baseline distances and baseline distances of less than 550 
km.   
 
Both solutions show an increase in the predicting error 
with respect to the prediction time of 30 and 60 minutes.  
For IGS solution, it is observed that there is no 
differences in the predictability for different baseline 
distances and has a better predictability in all cases.  The 
major downside of the IGS solution is the product 
availability latency of approximately 1 week.  On the 
other hand, the predictability of Bernese ZTD solution is 
slightly degraded from the IGS ZTD solution in all cases.  
With 30 minutes of prediction time, the mean error is 
0.038 and 0.049 cm and STD of 0.86 and 0.755 cm for all 
baselines of up to 2000 km and for baseline distances of 
less than 550 km respectively.  For 60 minutes of 
prediction time, the errors are slightly worse with mean of 
0.084 and 0.109 cm and STD of 1.13 and 1.05 cm for all 
baseline distances and baseline distance of less than 550 
km respectively.  Thus, results for Bernese ZTD estimates 
have shown slight better predictability for shorter baseline 
distances.   
 
Table 4. The Comparison of Relative ZTD Predictability 
for the IGS ZTD Solution and the Bernese ZTD Solution 
with Australian CORS Sites 
Relative ZTD Predictability for Australia CORS Sites
l IGS Solution (cm) Bernese Solution (cm) 
Mean STD Mean STD 
30 minutes delay: 
All baselines  
0.0004  0.475  0.038  0.86  
30 minutes delay: 
Baselines < 550km  
-0.0015  0.467 0.049  0.755  
60 minutes delay:  
All baselines  
0.0009  0.804  0.084  1.13  
60 minutes delay: 
Baselines < 550km  
-0.0028  0.792  0.109  1.05  
 
CONCLUSIONS 
 
This paper has presented the preliminary ZTD and 
relative ZTD predictability results and analysis from 
Australian IGS stations and local SydNET using the data 
in October and December 2008 respectively.  The 
analysis is based on the post-processed IGS ZTD 
solutions collected from IGS data centre and the 
computed near real-time Bernese ZTD solution. With the 
accurate IGS 5 minutes ZTD solutions, we are able to 
study ZTD and relative ZTD predictability by simply 
using the previously estimated ZTD as the predicted ZTD 
of current epochs.   
 
The predictability of ZTD results has shown that the 
predicted ZTD errors are random in nature with the 
predicted STD values grows with the prediction time.  
The mean error for all station analyzed are very close to 
zero and the STD values of 0.19, 0.35, 0.49 and 0.61cm 
for 15, 30, 45 and 60 minutes of prediction time 
respectively. In addition, it is noticed that the predicted 
IGS ZTD error is significantly higher around the begin 
and end of each daily, due to boundary effects of 
estimation with every 24hr RINEX data.  
 
The results and analysis of the relative ZTD predictability 
show similar random nature, also slightly degraded STD 
with the same prediction intervals. The relative IGS ZTD 
has a 0 mean with a STD values of 0.28, 0.47, 0.65 and 
0.80cm for 15, 30, 45 and 60 minutes of prediction time. 
Additionally, results have shown that the rZTD prediction 
uncertainty has little dependence on the baseline distances.  
 
On the other hand, the relative ZTD predictability results 
from the near real-time Bernese software are slightly 
worse than the post-processed IGS solution. For baseline 
distances of less than 550km, the mean error is 0.049 and 
0.109cm and the error STD value are 0.755 and 1.05cm 
for 30 and 60 minutes of time delay. If all baselines are 
considered (up to 2000km), mean error of 0.038 and 
0.084 cm and STD value of 0.86 and 1.13 cm for the 30 
and 60 minutes of prediction time. The results had shown 
a slight dependency on the long baseline distances.  
 
Theoretically, the relative ZTD error of 0.85 cm would 
cause a maximum of 2.6 cm error to DD measurements. 
In other words, the overall contribution of relative ZTD 
errors to DD measurements is less than 0.25 cycles of the 
ionospheric reduced narrow-lane signal which has 
wavelength of 11.45 cm (Note: the L1 signal would suffer 
from the effect of DD ionospheric errors over long 
baselines). This can potentially improve the AR 
performance over long-baselines. As a result, the inter-
station distance in the network-RTK services could be 
extended beyond the current limits.  
 
Further work will be conducted to investigate the impact 
of the ZTD and the relative ZTD predictability on the 
result of the ambiguity resolution and the position 
estimation over a long baseline CORS network of a few 
hundred kilometers. 
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